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Edited by Richard CogdellAbstract The r factors of RNA polymerase play central roles
when bacteria adapt to diﬀerent environmental conditions. We
studied heat-shock responses in the cyanobacterium Synechocys-
tis sp. PCC6803 using the r factor inactivation strains DsigB,
DsigD and DsigBD. The SigB factor was found to be important
for short-term heat-shock responses and acquired thermotoler-
ance. The normal high-temperature induction of the hspA gene
depended on the SigB factor. The SigD r factor had a role in
high-temperature responses as well, and the double inactivation
strain DsigBD grew more slowly at 43 C than the DsigB and
DsigD strains.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cyanobacteria are eubacteria that perform oxygenic photo-
synthesis like plants. When cells of the mesophilic cyanobacte-
rium Synechocystis sp. PCC6803 are exposed to temperatures
above their normal physiological range, they immediately stop
growing, and growth continues only after a lag period of some
hours [1]. Adaptation of cyanobacteria to moderate high
temperatures leads to the improvement of overall cellular
thermotolerance, and particularly the thermal stability of the
oxygen-evolving complex is improved [2].
Transient production of numerous heat-shock proteins is an
immediate response to high temperature [3]. Inactivation of
clpB [4], hspA (also called hsp16.6) [5], htpG [6] or dnaK2 [7]
genes, which encode heat-shock proteins, results in a more
heat-sensitive phenotype of cyanobacteria.
Little is known about the signalling cascades that lead to
heat-shock responses in cyanobacteria. One of the histidine ki-
nases, Hik34, has been suggested to down regulate expression
of some heat-shock genes [8] and the CIRCE/HrcA system is
involved in the regulation of the groESL1 operon and the
groEL2 gene [3]. A positive regulator of heat-shock responses,
however, remains to be elucidated. In Escherichia coli one of
the r factors, r32, speciﬁcally upregulates the expression of
heat-shock genes [9], but cyanobacterial genomes do not con-Abbreviations: Chl, chlorophyll; PPFD, photosynthetic photon ﬂux
density
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The genome of Synechocystis sp. PCC6803 contains nine r
factor genes [10]. In Synechocystis sp. PCC6803, short heat
treatments upregulate speciﬁcally one of the primary-like group
2 r factor genes, the sigB gene, and simultaneously downregu-
late the sigA gene that encodes the primary r factor [11,12]. Dif-
ferent r factors inﬂuence transcription of the other r factor
genes [13], and antagonistic regulation of SigB and SigD factors
was reported under light/dark experiments [14]. In the present
study, we have investigated the roles of SigB and SigD factors
in the heat-shock responses using the inactivation strains
DsigB, DsigD and DsigBD of Synechocystis sp. PCC6803. Our
results indicate that the SigB factor has a central role in the sur-
vival of the cells during short high-temperature stress, and that
the SigD factor has a minor role in heat stress responses.2. Materials and methods
2.1. Strains and growth conditions
The glucose-tolerant strain of Synechocystis sp. PCC6803 [15] was
used as a control strain. Cells were grown in BG-11 medium supple-
mented with 20 mMHEPES–NaOH (pH 7.5) under continuous photo-
synthetic photon ﬂux density (PPFD) of 40 lmol m2 s1 at 32 C
(standard growth conditions). The BG-11 agar plates for strains DsigB
and DsigD were supplemented with kanamycin (50 lg ml1), and those
for strain DsigBD with kanamycin (25 lg ml1), spectinomycin
(20 lg ml1) and streptomycin (10 lg ml1). For the experiments, all
strains were grown without antibiotics in liquid BG-11 medium.
2.2. Construction of inactivation strains in Synechocystis sp. PCC6803
The sigB (sll0306), and sigD (sll2012) genes were ampliﬁed by PCR
with primers speciﬁc for sigB (5 0-ATG GTA ACA GTG ACA GTT
AT-3 0 and 5 0-TAG CTC TTG GCC ATC GTT A-3 0) and sigD (5 0-
ATG ACT GCC AGA ACC AGC CC-3 0 and 5 0-GCC TCC CTA
CAG TTG GAT CT-30). The PCR products were cloned in pCR–
Blunt II-TOPO vector (Invitrogen). The pCR–Blunt II-TOPO-sigB
was digested with KpnI and PstI, and the sigB fragment was ligated
into the KpnI and PstI double digested pUC19. The pUC19–sigB
was digested with SmaI, and BamHI polylinker (New England Bio-
Labs) was added. The pUC19–sigB–Km was constructed by ligating
BamHI fragment of pUC4K (Amersham Biosciences), carrying the
kanamycin resistance cassette, into the BamHI site. The pCR–Blunt
II-TOPO-sigD was digested with SpeI and EcoRV and the sigD frag-
ment was ligated into the XbaI and SmaI double digested pUC19.
The pUC19–sigD–Km was constructed by ligating the BamHI frag-
ment of pUC4K into BamHI digested pUC19-sigD. To construct
pUC19–sigD–X, the BamHI fragment (the X fragment that confers
resistance for spectinomycin and streptomycin) of pHP45X [16], was
ligated into BamHI digested pUC19-sigD.
The control strain was transformed with pUC19–sigB–Km or
pUC19–sigD–Km vectors according to Williams [15]. For the double
mutant, the DsigB strain was transformed with pUC19–sigD–X.blished by Elsevier B.V. All rights reserved.
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gene was conﬁrmed by PCR analysis. Genomic DNA was isolated
[15] and either the sigB or sigD gene was ampliﬁed by PCR using
the same primers as in the cloning procedure. Two independent lines
of each inactivation strain were tested and they behaved similarly.
2.3. Growth measurements and heat treatments
The growth of the cells was monitored by measuring optical density
at 730 nm under standard growth conditions for 24 days and at 43 C
under the PPFD of 35 lmol m2 s1 for four days. For the gene
expression studies, cells (10 lg chlorophyll (Chl) ml1, 15 ml samples)
were treated at 43 C for 0, 15, 30 or 60 min, 6 or 12 h; or the cells were
treated for 15 min at 48 C under the PPFD of 5 lmol m2 s1 with or
without a 1-h pretreatment at 43 C.
2.4. Northern blot analysis
Total RNA isolation and northern blotting was performed as de-
scribed earlier [17]. The gene speciﬁc probes were ampliﬁed by PCR.
Equal loading of the gels was conﬁrmed by methylene blue staining
[18]. For quantiﬁcation, the membranes were reprobed with a 16S
rRNA probe (the probe was ampliﬁed by PCR with primers 5 0-
AGTTCTGACGGTACCTGATGA-3 0 and 5 0-GTCAAGCCTTGG-
TAAGGTTCT-3 0).
2.5. Viability assay and loss of photosynthetic activity at 48 C
The cell suspensions were treated at 48 C under the PPFD of
5 lmol m2 s1 for 15 min with and without a 1-h pre-treatment at
43 C. The cell suspensions were serially diluted with BG-11 medium
and a 10 ll aliquot from each dilution was spotted onto BG-11 plates,
and the cells were then grown under standard conditions. Cell survival
rates were calculated by dividing the number of colonies obtained after
the heat treatment by the number of colonies obtained from a control
sample taken from the same strain before the heat treatment.
Cell suspensions (10 lg Chl ml1) were heat treated at 48 C under
the PPFD of 5 lmol m2 s1 for 5, 15, 30 and 45 min. After the treat-
ments, the cell suspension was supplemented with 10 mM NaHCO3,
and the photosynthetic activity was measured under saturating light
with a Clark type oxygen electrode (Hansatech, Kings Lynn, UK) at
32 C.Fig. 2. Growth of the control, DsigB, DsigD and DsigBD strains of
Synechocystis sp. PCC6803 under standard growth conditions at 32 C
(A) and at 43 C (B). Each growth curve represents means of ﬁve (A)
or three (B) independent experiments and the error bars denote S.E.3. Results and discussion
3.1. Growth of the DsigBD strain is retarded at 43 C
The complete segregation of all mutant strains (Fig. 1) and
similar growth rates of the mutant and control strains
(Fig. 2A) indicate that the sigB and sigD genes can be inacti-
vated simultaneously without any eﬀect on exponential or sta-Fig. 1. PCR analysis of inactivated Synechocystis sp. PCC6803 strains.
(A) After isolation of genomic DNA from control (lanes 2 and 4) and
DsigB (lane 3) and DsigD (lane 5) strains, PCR was performed with
primers ﬂanking the coding region of the sigB (lanes 2 and 3), and the
sigD (lanes 4 and 5) genes. The length of the PCR product is 725 bp in
lane 2, 1989 bp in lane 3, 752 bp in lane 4 and 2016 bp in lane 5. The
DNA marker is shown in lane 1. (B) Genomic DNA was isolated from
the control (lane 2) and DsigBD (lane 3) strains. PCR was performed
with primers ﬂanking the coding region of the sigDgene. The length of
the PCR product is 752 bp in lane 2 and 2812 bp in lane 3. The DNA
marker is shown in lane 1.tionary phase growth under standard growth conditions
(continuous illumination at the PPFD of 40 lmol m2 s1 at
32 C).
To investigate the roles of SigB and SigD factors in high-
temperature stress, we ﬁrst followed the growth at 43 C.
The control, DsigB and DsigD strains grew well for the ﬁrst
days at 43 C (Fig. 2B), but thereafter growth ceased. After
four days the cells started to die, and after seven days all cul-
tures were completely bleached. The DsigBD strain grew more
slowly than the control strain at 43 C (Fig. 2B). Slower
growth rate of the DsigBD strain than the DsigD or DsigB
strains at 43 C suggests that both SigB and SigD factors are
involved in normal high-temperature responses.
Our previous experiments showed that a 5 min high-temper-
ature treatment diminishes the amount of mRNA of the pri-
mary r factor sigA to 5% of that measured under growth
conditions [12]. Since the primary r factor is required for expo-
nential growth, and the control cells grew well for a few days at
43 C, we measured the expression of the sigA gene at 43 C
after the cells were given 6 and 12 h of acclimation time to high
temperature. In addition to the full-length ca. 1400 nt long
sigA mRNAs, the sigA-speciﬁc probe detected some shorter
mRNAs. These were far too small to encode the entire SigA
protein, and most probably they represent either synthesis
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6 h treatment at 43 C, the amount of sigA mRNA in the con-
trol, DsigB and DsigD strains was half of that measured under
standard growth conditions in the control strain, but was even
lower in the DsigBD strain (Fig. 3A). During the next 6 h at
43 C, the amount of sigAmRNA began to increase in the con-
trol, DsigB and DsigD strains, while in the strain DsigBD the
amount of sigA mRNA remained low (Fig. 3A).
These results suggest that the slow growth of DsigBD strains
at 43 C may be related to the inability of this strains to pro-
duce enough sigA mRNA under heat stress. In E. coli the
experimental underproduction of the primary r70 factor mim-
ics the stringent response and reduces the growth rate of the
cells [19].
3.2. The SigB factor is a positive regulator of the hspA gene
The transcription of the sigB gene was rapidly, but only
transiently, activated at 43 C, as shown for the control strain
in Fig. 3B. SigB mRNA remained abundant for the ﬁrst hour
of high-temperature treatment, but after 6 h at 43 C, the
amount of sigB mRNA decreased to the same low level as
measured at standard growth conditions. In addition to the
1350 nt long full-length sigB mRNA, shorter synthesis inter-
mediates or degradation products were detected with the
sigB-speciﬁc probe, too. In the DsigD strain, SigB mRNA
was as abundant as in the control strain (Fig. 3C), indicating
that the inactivation of the sigD gene did not aﬀect the expres-
sion of the sigB gene during the heat treatments.Fig. 3. Representative Northern blots showing the sigA and sigB
mRNAs at 43 C. (A) The amount of sigA mRNA after 6 and 12 h
heat treatments at 43 C in the control strain (CS) and in DsigB (DB),
DsigD (DD) and DsigBD (DBD) strains. The arrow indicates the full-
length ca. 1400 nt long sigA mRNA, shorter mRNAs detected by the
sigA-speciﬁc probe represent synthesis intermediates or degradation
products of sigA mRNA. (B) The amount of sigB mRNA after 0, 15
and 60 min and 6-h heat treatments at 43 C in the control strain. The
arrow indicates the full-length sigB mRNA. (C) The amount of sigB
mRNA after a 60-min heat treatment at 43 C in the control strain
(CS) and DsigD (DD) strain. The arrow indicates the full-length sigB
mRNA. Equal loading of RNA was conﬁrmed by re-probing the
membranes with a 16 S rRNA probe.We examined the transcript levels of ﬁve operons encoding
heat-shock proteins including GroEL, GroES and HspA which
are the most prominent heat-shock proteins in cyanobacteria
[20]. The expression of the studied heat-shock genes was very
low under standard growth conditions and they all were rapidly
induced at 43 C. In strains DsigB and DsigBD, the amount of
hspAmRNA, encoding the HspA protein, was only one third of
that detected in the control strain after 15 min (data not shown)
or 1 h of heat treatment (Fig. 4). The amounts of groESL1,
groEL2 and dnaK2 transcripts detected after 1 h of heat treat-
ment (Fig. 4) varied slightly in diﬀerent strains, but these vari-
ations were not consistent in parallel experiments. These results
suggest that the normal induction of the hspA gene under high-
temperature stress depends on the SigB factor.
3.3. Inactivation of the sigB gene lowered the capacity of the
cells to survive short extreme heat stress
Since the inactivation of the sigB gene partially inhibited the
enhancement of the expression of the hspA gene during the ﬁrst
hour of heat treatment at 43 C (Fig. 4), we decided to further
investigate the early phase of heat stress by testing the ability
of the control and inactivation strains to survive a 15-min heat
treatment at 48 C. In the control strain, about 20% of cells
survived a 15-min heat treatment at 48 C (Fig. 5A). The
DsigD strain survived equally well as the control strain
whereas in strains DsigB and DsigBD, only 2% of the cells sur-
vived after a 15-min heat treatment at 48 C (Fig. 5A). To
study the possible role of the HspA heat-shock protein in the
low survival rates of the DsigB and DsigBD strains we mea-
sured the amount of hspA mRNA after a 15-min treatment
at 48 C. The amount of hspA mRNA in DsigB and DsigBD
strains was only one third of that measured in the control orFig. 4. Heat-induced accumulation of various heat-shock mRNAs
(hspA, groESL1, groEL2 and dnaK2) in the control and DsigB, DsigD
and DsigBD strains at 43 C after 60 min incubation. Northern blots
shown are representatives of three independent experiments. Equal
loading of RNA was conﬁrmed by re-probing the membranes with a
16S rRNA probe.
Fig. 5. Performance of DsigB, DsigD and DsigBD strains of Synecho-
cystis sp. PCC6803 at 48 C. (A) The survival rate of the cells after a
15 min heat treatment at 48 C with (grey columns) and without (black
columns) 1-h pre-treatment at 43 C. Each bar represents the mean of
four independent experiments and the error bars denote S.E. (B) The
amount of hspA mRNA after 15 min treatment at 48 C in the control
(CS), DsigB (DB), DsigD (DD) and DsigBD (DBD) strains. A
representative Northern blot of three independent experiments is
shown. Equal loading of RNA was conﬁrmed by re-probing the
membranes with a 16S rRNA probe. (C) The loss of photosynthetic
capacity at 48 C. The photosynthetic activities before the heat
treatments were 96.3 ± 5.3, 88.5 + 11.2, 100.1 + 6.1 and 142.9 +
10.5 lmol O2 (mg Chl)
1 h1 in the control, DsigB, DsigD and DsigBD
strains, respectively. Each experimental point is the result of three
independent experiments and the error bars denote S.E.
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inactivation strain is lowered at 45 or 47 C but not at 43 C
[21]. Thus, inactivation of the sigB gene lowers the expression
of the hspA gene at high temperatures and causes similar phys-
iological responses to high temperatures as the inactivation of
the hspA gene itself.
The early phase of heat stress was further investigated by fol-
lowing the loss of photosynthetic activity at 48 C. After 5 min
of heat treatment, oxygen evolution activity was 85% of that
measured before the treatment in the control and DsigD
strains, while only 70% of oxygen evolution activity remained
in DsigB and DsigBD strains (Fig. 5C). After the ﬁrst 15 min at
48 C, all mutant strains lost their photosynthetic activity fas-
ter than the control strain and ﬁnally, after 45 min incubation
at 48 C, 21% of photosynthetic activity was left in the control
strain while only ca. 10% of photosynthetic activity remained
in all inactivation strains.
In Synechococcus sp. PCC 7942 it has been shown that HspA
associates with thylakoid membranes [22] and the over-expres-sion of hspA confers thermal protection to components of the
photosynthetic apparatus such as photosystem II and phyco-
cyanin [23]. The heat sensitivity of photosynthesis of the DsigB
and DsigBD strains that produce less hspA mRNA during heat
stress than the control strain, may suggest that HspA protects
the photosynthetic machinery against heat stress in Synecho-
cystis, too.3.4. The SigB factor is involved in acquired thermal tolerance
Pre-treatment of Synechocystis cells at sublethal heat condi-
tions induces the ability to survive otherwise lethal heat treat-
ments [21]. Almost all cells in the control and DsigD strains
survived a 15-min treatment at 48 C if the cells were ﬁrst
pre-treated at 43 C for 1 h (Fig. 5A). The DsigB and DsigBD
strains were able to acquire thermotolerance to some extent, as
the survival rates were 45% in both strains (Fig. 5A). The
HspA protein has been shown to be important for acquired
thermotolerance [21], and lower acquired thermotolerance of
DsigB and DsigBD strains is in agreement with the underpro-
duction of hspA mRNA both at 43 and 48 C.3.5. A network of regulatory factors is required for normal
heat-shock responses in cyanobacteria
Many r factors are involved when Synechocystis adapts to
high temperatures. The expression of the sigH gene has been
shown to be upregulated after long heat treatments, but inac-
tivation of sigH does not inﬂuence the performance of cells at
45 C [24]. In the present paper, we show that the SigB factor is
required for normal production of hspA mRNA during heat
stress. The SigB factor is crucial for survival of the cells during
short periods of extreme heat and it is involved in the develop-
ment of acquired thermotolerance. The SigD factor has only a
minor role in adaptation to high-temperature stress. Further-
more, we found that another group 2 r factor, SigC, is also
important for normal high-temperature stress responses
(unpublished results).
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